This study aimed to describe seasonal variations of phytoplankton abundances in relation to the physical and chemical (nutrients and metals) environment under the influence of freshwater input in the Charente river estuary (Marennes-Oléron bay, France) over three years, from 2011 to 2014. Phytoplankton abundances were determined using microscopy and flow cytometry. Considering high frequency temperature and salinity data, breakpoints in each series led to the identification of two local hydroclimatic periods: the first (2011 and early 2012) being warmer and higher in salinity than the second (from spring 2012 to the beginning of 2014). A multiblock PLS analysis highlighted the significant contribution of the physical environment (temperature, salinity and Photosynthetically Active Radiation (PAR)) on phytoplankton abundances. Two partial triadic analyses (PTA) were run in order to visualize seasonal variations of i) phytoplankton groups and ii) nutrients and trace elements, irrespective of spatial gradient: picoeukaryote occurrence showed a difference between year 2011 and the years 2012 and 2013 (as did cadmium, nickel and silica levels). However, both PTA revealed greater differences between year 2013 and the years 2011 and 2012, as shown by occurrences of cryptophytes, dinoflagellates and nanoeukaryotes, as well as copper and phosphate levels. These results showed a shift between the hydroclimate breakpoint and some phytoplankton responses, suggesting that their development and succession might depend on conditions early in the year. Finally, a STATICO analysis was performed on the paired PTA in order to examine the relations of phytoplankton with nutrients and metals more closely. Most phytoplankton groups were represented on the first axis, together with cadmium on the one hand, and nitrates, silica and nickel on the other. This 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
Introduction
Approximately 40% of the world population inhabits coastal and estuarine areas (MEA, 2005) , concentrating human activities that cause damage to marine ecosystems (Halpern et al., 2008) . Human activities exert intensive stresses on marine ecosystems, including chemical contamination (urbanization, agriculture, industry) and disturbances caused by the exploitation of marine resources (fishing, aquaculture, aggregate extraction, etc.) (Nogales et M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 al., 2011) . Coastal ecosystems are among the world's most productive ecosystems and provide many vital ecological services that need to be preserved (Costanza et al., 1997; MEA, 2005; Barbier et al., 2011; Liquete et al., 2013) , such as shelters for reproduction and nurseries for marine species. Their role in nutrient cycling is essential, depending on the quantity and quality of terrigenous inputs, as nutrients act directly on the lowest trophic levels and induce changes in the composition of the microbial community (Nogales et al., 2011 ).
Phytoplankton plays a major role in microbial communities, where it is responsible for primary production and represents the main trophic resource for higher trophic levels.
Natural phytoplankton communities have been greatly studied worldwide, in freshwater, coastal (Gasiunaite et al., 2005; Aktan, 2011) and estuarine environments (Muylaert et al., 2009; Rochelle-Newall et al., 2011) . Classic analysis of phytoplankton communities using microscopy allows counts and determination of taxa to class or species level (Cloern and Dufford, 2005; Domingues et al., 2011; Hall et al., 2013; Paerl et al., 2014; Harding et al., 2015) . Such studies can be used to describe the effect of environmental variables (nutrients, light) on phytoplankton dynamics and community structure evolution (Hall et al., 2013; Paerl et al., 2014) . As shown by Harding et al. (2015) , the seasonal pattern in the northern hemisphere has spring or summer blooms that are influenced from year to year by climatic events. Global change, especially temperature increase, is a key question in the study of phytoplankton communities (Edwards and Richardson, 2004; Morán et al., 2010) . For instance, Thomas et al. (2012) demonstrated that temperature could impact the spatial distribution of communities, and thus cause changes in diversity.
Studies that deal with phytoplankton community evolution, dynamics and structure in space and time while considering different cell-size groups (from pico-to microplankton) are scarce (Sin et al., 2000; Huete-Ortega et al., 2011; Cerino et al., 2012) , but are necessary to improve our understanding of ecosystem function based on phytoplankton communities (Segura et al., Lugoli et al. (2012) suggested the use of phytoplankton size-classes as an indicator of anthropogenic impact in marine and transition areas. However, as stated by Garmendia et al. (2013) , many attributes of phytoplankton need to be considered before it is possible to develop a robust and sensitive indicator. There is thus a need to investigate whole phytoplankton communities, together with their physical and chemical environment, in order to define the baseline variations of all the parameters. Only such complete approaches will make it possible to discriminate for 'events' caused by environmental disturbances.
In coastal areas, estuaries are transition areas between freshwater and marine ecosystems, subjected to strong anthropogenic pressure but achieving high productivity thanks to freshwater inputs. Among the most productive coastal areas on the French Atlantic coast, Marennes-Oléron bay (Région Poitou-Charentes, south-west France) is the top oyster producing area in France (Goulletquer and Héral, 1997): out of the 101 100 t of oysters produced in France in 2011/2012, 39 000 t were produced in Poitou-Charentes (CNC, 2014) . This high oyster production relies mainly on primary production, which is largely due to phytoplankton. Nutrients are supplied by the Charente river, which discharges into the bay contributing about 90% of the freshwater input during summer (Ravail-Legrand et al., 1988) .
These nutrients were estimated to contribute annually to a primary production of 185 gC.m The first aim of this study was to describe the seasonal variations of phytoplankton abundances in the transition area of the Charente estuary, during three years of monitoring M A N U S C R I P T 5 (2011-2014) . The second purpose was to understand to what extent local hydroclimate and freshwater inputs (nutrients and trace elements) drive phytoplankton abundances in this specific environment.
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Materials and methods
Sampling site and strategy
The Charente estuary (45°70′N, 1°00′W) is located on the Atlantic coast of south-west
France. The Charente river is 360 km long with a catchment basin of about 10 000 km², mostly occupied by agriculture (75% of its surface, Agreste 2010 (Toublanc et al., 2015) . The
Charente estuary is a small, shallow, macrotidal estuary with a mean tidal range of 4.5 m and well-mixed waters (Toublanc et al., 2015) . In addition, the asymmetric tide waves lead to continual resuspension of seabed sediments (Modéran et al., 2012) . The present study was run along a transect of about 12 km that was not subject to water stratification.
Sampling campaigns were carried out every two weeks from February 2011 to January 2014, taking samples at low tide when the influence of freshwater inputs was the highest, thus allowing the quantification of trace elements. Four stations were sampled in the Charente estuary ( Fig. 1 ): the depths of the four stations ranged from 4 to 11 m from the mean sea level (6 m for Station 1). The station the furthest upstream (Station 1: Lupin), which was located at 45.9538N -01.0544E, was equipped with multiparameter probes (YSI 6600 or NKE Smatch) that recorded continuously. The three other stations were mobile and their position was defined during each campaign depending on the salinity gradient, as follows. The most downstream station (Station 4) was defined as the place corresponding to the maximal salinity value that had occurred at high tide at Station 1 the day before. Locations of stations 2 and 3
were then defined in consequence so as to obtain a homogeneous salinity gradient between the lowest salinity value at Station 1 and the highest expected value at Station 4. At each M A N U S C R I P T
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6 station, sub-surface water samples were collected using 5-L and 2.5-L Niskin bottles for subsequent analyses of nutrients, dissolved metals and phytoplankton.
In situ physico-chemical measurements
Station 1 (Lupin) was monitored from 2000 to 2014 as part of the SAPERCHAIS program (Guesdon et al., 2015) . In this context, temperature and salinity were recorded in situ, just below the surface, at a high frequency resolution (every 10 minutes), using multiparameter probes (NKE SMATCH and YSI 6600). This dataset was used to analyse the local hydroclimatic context for the present study.
Throughout each campaign, a multiparameter probe (YSI 6600) was kept immersed at a depth of 1 m on the side of the vessel, using a home-made stainless steel device, in order to continuously record the following parameters from stations 1 to 4: temperature (°C), salinity, turbidity (FNU) and dissolved oxygen (mg.L -1 ). By means of instantaneous salinity monitoring, stations 2 to 4 were sampled as soon as the previously defined target values were met. Salinity was measured using the Practical Salinity Scale.
Photosynthetically Active Radiation (PAR)
In order to take into account the influence of light on phytoplankton groups, Photosynthetically Active Radiation (PAR) at 1-m depth (E z , equation (1)) was estimated at the four stations for each campaign, using the following equations:
(1)
where Z E is the PAR at the depth z (1 m in the present study); 0 E (= par I in equation (2) 
Sample analyses
Nutrients
For nutrient measures, 2 L water were sampled at each station. Samples were kept in polycarbonate bottles, in the dark at 4°C until the return to the laboratory. At the laboratory, the water was filtered through 0.2 µm pore PTFE Millipore membranes using a plastic filtering system and a vacuum of less than 10 cm Hg. The whole apparatus and the membranes were pre-washed with 1 N hydrochloric acid and rinsed with deionized water.
Filtrates were stored frozen (at -20°C) in plastic vials until analysis, except for silicate analysis, where samples were stored at 4 to 6°C to prevent silicate polymerization. Ammonia (NH 4 + ) was analysed using fluorimetry after reaction with orthophtalatdialdehyde (OPA) and sulfite, while the other nutrients (NO 3 -, PO 4 2-and SiO 3 -) were measured by molecular absorption. Analyses were run using a segmented flow analyser (SFA) with the San ++ Automated Wet Chemistry Analyzer from Skalar, based on the automated continuous flow analysis procedure technique according to Aminot and Kerouel (2007) .
Trace metals
Samples were collected manually in 250-mL polyethylene bottles (acid cleaned) that were attached to a 2-m long plastic pole. Bottles were then stored in polyethylene bags in the dark at 4°C and brought back to the laboratory within 24 h in order to perform the extraction.
Seawater samples were filtered using 0.45-µm pore size polycarbonate filters (acid cleaned, Nucleopore) under nitrogen pressure in a laboratory clean room (class 100). Filtrates were acidified (0.1%, ultrapure nitric acid 67-69%) and stored in polyethylene bags until analysis.
Acidified filtrates were then treated according to Danielsson et al. (1982) , as described by Chiffoleau et al. (2002) . This procedure consisted in dithiocarbamate chelate formation (ammonium 1-pyrrolidinedithiocarbamate / diethylammonium diethyldithiocarbamate, sodium salts, >97%) in water phase (100 g) buffered to pH = 5, an extraction into an immiscible organic solution (1,1,2-trichloro-1,2,2-trifluoroethane, >99%) and a back extraction using diluted nitric acid (ultrapure, 1:4, v/v) . The extraction step was repeated twice. Before analysis, 1 mL of the extract was diluted to 5 mL with highly purified water (>18 MΩ).
Trace metal concentrations (Ni, Cu, Zn, Cd) in seawater extracts were determined by Q-ICP-MS (Thermo Electron Corporation, Element X series) equipped with a pumped microconcentric nebuliser (opalmist 0.8 mL/min), a conical impact bead spray chamber with a cooling system, Pt standard sampler and skimmer cones. Internal standards were systematically added to each solution to correct for instrumental drift. The ICP-MS analytical performance was checked by analysing seawater certified reference material CASS-5 or NASS-6 (National Research Council Canada, Ottawa, Canada). The analytical results obtained systematically differed from certified values by less than 15% and reproducibility was generally better than 5% for all measured metals.
Phytoplankton
For taxonomic analysis of phytoplankton by microscopy, 250-mL samples were collected in triplicate in glass bottles. For flow cytometry analysis, 1.5 mL were sampled from each 250-mL triplicate and put in cryotubes to which glutaraldehyde was added (final concentration 0.25%). The tubes were then vortexed and left for 10 min in the dark before being frozen in liquid nitrogen; they were then kept at -80°C until analysis. Neutral Lugol's iodine solution (2%, final concentration) was added to the remaining volume in the glass bottles in order to
preserve the microalgal cells. The bottles were then kept at room temperature in the dark until analysis.
Usually, picoplankton is considered to range from 0.2 µm to 2 µm, nanoplankton from 2 µm to 20 µm and microplankton from 20 µm to 200 µm (Sieburth et al., 1978) . Given the different analyses performed for phytoplankton in the present study (microscopy and flow cytometry) and to offer greater clarity, the terms nanoeukaryotes and picoeukaryotes were used to refer to groups counted using flow cytometry (Neveux et al., 2010; Tarran et al., 2006; Tarran and Bruun, 2015) , while microphytoplankton were grouped by class according to the microscopic observations. The two analyses are complementary and provide a more complete view of the phytoplankton community (Garmendia et al., 2013) . 
Flow cytometry
Microscopic identification
Determination and quantification of phytoplankton cells were carried out at the species level.
In the present study, due to the requirements of the data analyses performed, species counts were aggregated into classes (chlorophytes: Chloro; cryptophytes: Crypto; diatoms: Diatom;
dinoflagellates: Dino; prymnesiophytes: Prymnesio). Depending on the detritic particle content, which could sometimes be very high and interfere with cell recognition, one or several sub-samples of 5 to 50 mL were settled in an Utermöhl settling chamber (Hasle, 1978) and counted using a Wild M40 phase contrast inverted microscope. Rose Bengal was used to highlight organic particles. Counts were carried out on the partial or whole bottom surface of the chamber, depending on the size and abundance of the species (Lund et al., 1958) , at ×200 to ×400 magnification. When possible, 400 cells were counted to ensure that the error in estimation of cellular abundance remained within the limits of ±10% (Uehlinger, 1964) .
Due to the very high suspended matter content at Station 1, count reliability was reduced: most counts indicated low abundances or even the absence of phytoplankton at this station.
As flow cytometry data were also missing for this station, the results from Station 1 were not included in the data analyses.
Data analyses
In order to analyse the local hydroclimate in the most upstream station, temperature and salinity time series (daily aggregation from continuous data with 10-15 min frequency) were transformed to daily regular time series by filling gaps using (1) Correlations of the physical environment (temperature and salinity) with nutrients and trace elements were calculated using Mann-Kendall correlation coefficients. Block Importance Index, to provide associated confidence intervals (95%). MbPLS was also performed using the ade4 R package (Dray and Dufour, 2007) .
Seasonal stability of phytoplankton blooms and their intensity were studied with Partial Triadic Analysis (PTA). PTA is based on Principal Component Analysis and allows the analysis of a datacube (phytoplankton groups × months × years), seen as a sequence of twoway tables in a three-step procedure: the interstructure, the compromise and the intrastructure analyses; the interstructure offers an ordination of the three years of study and an overall seasonal typology; the compromise makes it possible to see the common structures of the three years of study, with regard to phytoplankton groups and months; the intrastructure provides a detailed description of the deviations from the common model for each year. Thioulouse and Chessel (1987) and Thioulouse et al. (2004) provided a detailed description of this analysis. PTA was run using the R package ade4 (Dray and Dufour, 2007) . The same analysis was used with the nutrient and trace element dataset.
To explain the structure in common between phytoplankton group abundances and levels of nutrients and trace elements, a STATICO analysis was performed using each datacube (phytoplankton group abundances × months × years; nutrients and trace element concentrations × months × years). The STATICO method is a Partial Triadic Analysis on the sequence of cross product tables resulting from the co-inertia between phytoplankton group abundances and nutrient and trace element concentrations for each year (Thioulouse, 2011).
Therefore, the STATICO analysis proceeds with the same three steps as the PTA described above.
All analyses and plots were performed with R Software (R Core Team, 2014) . 
Identification of major events during the study period
The decreasing pattern of temperature and salinity observed during the study prompted us to check for any notable events in the deseasonalized series of these parameters, which we did using a statistical analysis based on divergence between distributions. The first breakpoints in each of the series were identified in 2012: in February for temperature ( Fig. 2c ) and at the end of April for salinity ( (Fig. 3c ), corresponding to very high salinity values at nearly the same time (Fig. 3d ). The year 2012 appeared average compared with the previous 13 years ( Fig. 3a and 3b ). Temperature showed a large drop during February (Fig. 3c) , and the end of the year was slightly colder than the 13-year period of automatic recordings. Salinity was highly variable over the year, showing many irregularities, with large drops, especially in May, early autumn and winter ( Fig. 3d ). Year 2013 had quite low mean temperature and salinity values compared with the previous 13 years ( Fig. 3a and 3b, respectively).
Temperatures were colder during late spring, early summer and late autumn ( Fig. 3c) , with several periods where salinity was very low (winter, spring, early summer and late autumn, Fig. 3d ).
Spatial and temporal variations of phytoplankton and their environment
Physico-chemical environment
Along the studied section of estuary, all nutrients and metals showed significant gradients, with higher concentrations upstream (except cadmium) and lower ones downstream ( 
Phytoplankton abundances
The abundances of eight phytoplankton groups were recorded from upstream (Station 2) to downstream (Station 4), throughout the study (Fig. 5 ). The most abundant groups were picoeukaryotes (Pico), nanoeukaryotes (Nano) and Synechococcus sp. (Synecho), with densities around 1-10×10 6 cell.L -1 ; these groups were also omnipresent in the samples throughout the years of the study. Of the other groups, diatoms (Diatom) were the most abundant and frequently present, with maximal densities around 1×10 6 cell.L -1 . Cryptophytes (Crypto) and dinoflagellates (Dino) were less abundant but present during certain periods of the year. Chlorophytes (Chloro) and prymnesiophytes (Prymnesio) were only found occasionally during the study and at very low concentrations (except during blooms).
Spatial variability of abundances was significant for most of the groups (Table 2 , p-value spatial <0.05), except for Pico, Prymnesio and Chloro: picoeukaryote abundances were similar all along the salinity gradient ( Fig. 5 ), whereas Prymnesio and Chloro presence was rare (occurrence <10%, Table 2 ) and seemed unaffected by salinity. Synecho, Diatom, Dino and Crypto were rather abundant in downstream waters ( Fig. 5 ), while Nano abundances were higher in upstream waters.
The evolution of abundances through time was considered at the monthly scale. Significant differences were shown for half of the groups (p-value month, Table 2 ): Pico, Nano, Diatom and Dino abundances were higher during the spring to autumn period ( (Table 2) . Synecho were present at high abundances in all the years, although a dramatic drop was seen during spring 2012 (Fig. 5 ).
Finally, abundance data highlighted: i) groups with variable abundances in space and time (Nano, Diatom and Dino) ; ii) groups varying only in space (Synecho and Crytpo); and one group with variations only at the monthly scale (Pico) . The very low occurrence of Chloro and Prymnesio during the study (<10% in each station) was not sufficient to draw conclusions about their variability in time, these groups were thus excluded from further analyses.
Importance of physico-chemical parameters for overall phytoplankton abundances
In order to determine which variables contributed the most to the variations in phytoplankton abundances, a multiblock PLS analysis was performed. The group of dependent variables (each phytoplankton group abundance) was explained using three categories of explanatory variables (Table 3) Table 3 ).
The detailed contributions of each variable indicate that temperature, PAR and salinity significantly contributed to the overall phytoplankton abundances, showing the prevailing dependence of phytoplankton on the effect of climate on hydrology. Within the nutrients and metals categories, ammonia and zinc were the smallest contributors (both <1%); they were thus not considered in further analyses.
Integration of variations observed during the study: between-year differences in
seasonality M A N U S C R I P T
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Variations in dissolved substances and phytoplankton group abundances through the seasons and years were analysed separately from salinity, using values from all the stations, which were averaged and aggregated per month.
Phytoplankton groups
A PTA was run in order to visualize the seasonal variations of phytoplankton groups during the study (Fig. 6) . As shown by the interstructure, which represents the phytoplankton structure over the years (Fig. 6a ), the abundances globally indicated different patterns between the year 2013 and the years 2011 and 2012. This can be seen more precisely on the intrastructure (Fig. 6b) , where the first two axes that allow the description of phytoplankton seasonality represent 83.5% of inertia (Fig. 6c) . The X-axis shows the opposition between winter on the right and summer on the left (season tags, Fig. 6b ), and the Y-axis corresponds to the opposition between spring (at the top) and autumn (at the bottom). For a given group, the seasonal occurrence is represented by the positioning of points corresponding to each year: when they are relatively close to each other, the seasonal occurrence of the group is quite steady. As for abundance (Fig. 6d) , groups shown by longer arrows are better represented. Abundances can be ranked by projection of each year's points onto their main axis (Fig. 6b ). Diatom and Pico appeared regularly at the same time of the year during the study: in spring and summer, respectively. Pico exhibited the same abundance levels over the years, while Diatom were more abundant during 2012. Both of these groups were well represented in the analysis (Fig. 6d ), as were Nano and Dino. Nano and Dino exhibited opposite temporal trends ( and 2012 on the one hand, with an occurrence early in the year (spring), and 2013 on the other, when the group appeared later (autumn).
Nutrients and trace metals
Seasonal variations in nutrients and trace metals were analysed in the same way as the phytoplankton groups (PTA, Fig. 7 ). The analysis explained almost all the variability of the dataset with the two first axes (95%, Fig. 7a ). The data structure over the years revealed a similarity between the years 2011 and 2012, while 2013 seemed different (Fig. 7b ). The compromise indicated that, overall, the variables were well represented by the analysis (data not shown). Most of the elements were measured between summer and winter, except nitrates, which were predominant between winter and spring ( 
Relations between phytoplankton groups, nutrients and trace metals
The simultaneous analysis of paired datacubes (phytoplankton groups × months × years with nutrients and metals × months × years) made it possible to visualize the links between phytoplankton and dissolved substances in their environment (Fig. 8) . The first two axes of the STATICO analysis represent 96% of inertia (Fig. 8a) . Five out of six phytoplankton groups (not Cryptophytes) are represented on the left part of the first axis, accounting for 74.9% of the variability (Fig. 8b ). This first axis also separates four out of the six dissolved substances (nitrates, silica and nickel on the right, cadmium on the left). The second axis Fig. 8a ) that represents copper and phosphates, shows the contrast between the phytoplankton groups, from diatoms (upper part) to picoeukaryotes (lower part). The STATICO analysis revealed that most phytoplankton group abundances are represented as opposite to nitrates, silica and nickel, while cadmium is found in the same direction. The discrimination of different phytoplankton groups on the second axis appears linked to phosphates and copper, which are significant on this axis.
Discussion
In the present study, hydroclimate was associated with temperature and salinity, which were continuously recorded in the station furthest upstream. These physical variables are global descriptors of water masses that integrate other variables linked to climate and hydrodynamics. They reflect the effects of atmospheric temperature and river flow, itself linked to precipitation, on the water masses. The Charente estuary is a small, shallow, macrotidal estuary where dynamics are mainly driven by tide current and the flow of the Charente river, with negligible influence of wind and no stratification of water masses (Toublanc et al., 2015) .
In terms of its hydroclimatic context, the period of the present study showed amplitudes of temperature and salinity as great as those encountered during the much longer period from 2000 to 2011 (Fig. 2) . This led to contrasted years; 2011 being the warmest and driest, with low terrigenous inputs to the estuary, and 2013 being cold and wet. Within the study period, Together with hydroclimate and nutrients, trace metals might be key components driving phytoplankton abundance and structure over time and space in estuaries, and therefore deserve more thorough investigation in studies dealing with phytoplankton dynamics in such small but highly variable areas.
Conclusions
In the present study, the use of complementary techniques to count phytoplankton (flow cytometry together with microscopy) made it possible to consider the whole community in order to study the dynamics of different groups in the Charente estuary. The characterization of hydroclimate during our study (2011) (2012) (2013) (2014) Huete-Ortega, M., Calvo-Díaz, A., Graña, R., Mouriño-Carballido, B., Marañón, E., 2011.
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